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Aziridines are important building blocks for the synthesis of a wide range of organic
compounds, including biologically active compounds and pharmaceuticals. The development of
more cost-effective catalysts for atom transfer reactions is a continuing area of research in
chemistry. Transition metal complexes have been shown to catalyze the aziridination of olefins,
however, most require expensive metal ions or complex ligands. Meso-tetra(N-methyl-4pyridyl)porphyrin (TMPyP4) is a highly charged, planar ligand that has been used to support
manganese(III) in complexes like Mn[TMPyP 4]I5. Herein we report the optimization of the
reaction conditions for the aziridination of olefins in water and buffered solutions catalyzed by
Mn[TMPyP4]I5. The reaction conditions optimized include pH range, temperature, and reaction
time. Additionally, nitrogen sources, nitrogen source/olefin ratios, and catalyst loading were
optimized. In buffered solutions, Mn[TMPyP4]I5 can effectively catalyze the generation of
aziridines from various aromatic and aliphatic olefins with Chloramine T in moderate to good
yields (43-93 %).
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INTRODUCTION
1.1

General strained 3-member rings
Three-membered rings in organic chemistry are highly strained molecules, which allow

for rich reactivity. These ring systems have significant molecular tension due to their unfavorable
bond angles, which is commonly referred to as “angle strain.” This ring strain provides for a
balance between reactivity and stability, which makes these systems very useful as synthetic
precursors for multistep synthesis. Three membered rings containing all carbon atoms are known
as cyclopropanes, where 3-membered heterocycles with one oxygen and one nitrogen are called
epoxides and aziridines, respectively (Figure 1.1). New methods for generating aziridines will be
the focus of this thesis.

Figure 1.1

Simple examples of three membered heterocycles

Unlike cyclopropane and epoxide synthesis, the generation of aziridines is still an active
area of research. Until recently, aziridines and their synthesis were not as commonly studied as
1

much as epoxides and cyclopropanes. This has been attributed to the relative difficulty of the
synthesis and separation of aziridine products. However, aziridines have been used to create
various biologically active compounds through targeted ring opening reactions with a large range
of nucleophiles. Compounds that contain aziridines are not only important as an intermediate
species in synthesis, but they have been reported to have biological activities themselves.(1) In
some cases, molecules with aziridine rings have shown antibacterial and antitumor properties.(1)
For example, the Azinomycin family of drugs, derived from Streptomyces grieseofuscus S42227,
contain aziridines as shown in Figure 1.2.(2) Additionally, Mitomycin A is another class of
natural products with an aziridine functional group derived from Streptomyces verticillatus
shows antibiotic and anticancer properties.(3, 4) The pharmacological properties of these
compounds have been accredited to their aziridine rings, which are thought to ring-open in the
presence of a nucleophile in vivo to modify biological molecules such as DNA. Specifically,
Azinomycin and Mitomycin A have shown some activity, where DNA crosslinking or alkylation
are presumably the mode of action.(5-10) Drug candidates containing aziridine functional groups
also have shown strong antitumor activity against solid tumors and a wide range of other
cancers.(4) Recently, various antibody-directed enzyme pro-drug therapy (ADEPT) strategies
have grown in interest as potential cancer chemotherapies.(11-14) ADEPT can be based on Nmustards, (Figure 1.2) where some N-mustards can generate aziridines in situ and some like di(2chloroethyl)methylamine have been shown to reduce the rate of growth of tumors in mice.(15)

2

Figure 1.2

1.2

Examples of aziridines that have biological activity

Physical properties of Aziridines
Aziridines are the most elementary family of saturated nitrogen containing three

membered heterocycles, but the synthesis of aziridines are difficult to produce in acceptable
yields.(14, 16-18) Aziridines are commonly distillable, colorless, and soluble in water.(19, 20)
The earliest reported synthesis of an aziridine was reported by Gabriel in 1888, where 2bromoethylamine was reacted with hydroxide to effectively create the simplest aziridine
(Scheme 1.1).(21)

3

Scheme 1.1

Gabriel’s synthesis of azacyclopropane (aziridine)

The aziridine ring systems, like cyclopropanes, have delocalized π-like aspect and strong
N-H bonding interactions due to bending of the inner bonding orbitals. This reduces the bond
strain and distorts the sp3 hybridization within this molecule.(22-25) This distortion of the
hybridization is comparable in cyclopropanes and aziridines and gives these ring systems some
unique reactivity.(20, 22, 26, 27) This feature gives the aziridinium ion a pKa around 8 which is
stronger basicity than arylamines but weaker basicity than alkylamines.(16, 28, 29) Aziridines
react with alkylating agents in a comparable way to secondary amines. However, due to the
geometric constraints of the three membered ring the N-C bonds are under more strain than those
in typical secondary amines. This also has meaningful effects on the N-H bond by increasing the
energy barrier of inversion of that bond higher than common acyclic compounds.(16, 29, 30)
While the inversion energy of the nitrogen in 2-methylaziridine (~70 kJ/mol) is much higher than
ordinary secondary amines, it is still not high enough to impede racemization at room
temperature.(16, 29, 31, 32) The substitution of the N-H to a N-Cl can change the electronics of
the aziridine, for example considering the amine moiety in 2-methylaziridine to that in 1-chloro2-methylaziridine, increases the inversion barrier to ~112 kJ/mol and results in a
stereochemically stable aziridine at room temperature.(16, 33) This stability then allows for the
separation of the substituted aziridine stereoisomers. As mentioned above, the aziridines unique
electronic and structural properties allow for its high chemical reactivity under both acidic and
basic conditions yielding C-N bond cleavage.(34-36) The substituents on the nitrogen atom can
4

also change the reactivity of aziridines. Because of this, aziridines are often separated into
“activated” and “non-activated” groups.(37) To be considered activated aziridines, a positive
charge should be on the nitrogen during ring opening reactions. For example, a number of
electron withdrawing substituents on the nitrogen moiety of the aziridine can facilitate ring
opening (Figure 1.3).(38) Carbonyl, sulfinyl, sulfonyl, phosphinyl, and phosphoryl functional
groups are common oxygenated activating groups for aziridines.(42-48) The resonance between
the nitrogen’s non-bonded pair and the X=O increase the strain on the aziridine ring in the
amidate like resonance structure. These substituents also allow for amide-like resonance
structures that stabilize a cationic charge on the nitrogen, which makes this species an easy target
nucleophilic ring opening reactions (Figure 1.4).(16, 39-41) Alternatively, the aziridine can be
activated by protonation of the nitrogen. However, this method is not useful for more basic
nucleophiles like carbon centered nucleophiles.

Figure 1.3

Common functional groups used to activate aziridines
5

Figure 1.4

Amide ion stabilization by oxygenated functional groups

The nitrogen substituents inductive effects are the main driving force of ring opening
because of that additional strain. These substituents change the polarization of the carbon
nitrogen bonds in the ring system. Nitrogen itself is already more electronegative than carbon so
additional electron withdrawing groups weaken the C—N bond further.(16, 49-51) Upon
cleavage of the ring, the amide-like anion is stabilized mostly by the inductive effects of the
phosphinamide, phosphonamide, and sulfonamide.(52,53) However, the carbonyl groups
stabilize the anion through resonance.(54-56) With more electrophilic acyl groups, cleavage of
the aziridine ring by carbon centered nucleophiles is uncommon.(16, 57) The reaction instead
proceeds as an acyl transfer to the nucleophile. This is used for C-acylation of enolates derived
from 1,3-dicarbonyl compounds.(58-61) In ring forming and ring cleavage reactions, N-sulfonyl
groups are commonly used to activate the aziridine ring. This is due to the sulfonyl group’s
ability to stabilize the negative charge making it more difficult for ring cleavage. Compared to
N-H aziridines, N-sulfonyl aziridines are more stable, which generally allow for easier ring
formation. N-sulfonyl substituted aziridines are well-suited for large scale preparation and
isolation because they are usually highly crystalline compounds. However, The S-N bond can be
cleaved under mild conditions. Because of this limitation, use of N-sulfonyl groups as synthetic
6

intermediates must be carefully executed. The tosylsulfonate (Ts) group can be removed from
the aziridine under reductive conditions or using strong acidic conditions.(62,63) There have
been several modified sulfonamides made to remove this limitation such as 2,2,5,7,8pentamethylchroman-6-sulfonamide,(64) nitrobenzene sulfonamides,(16, 67) and β(trimethylsilyl)ethylsulfonyl (SES) groups.(65, 66) Several types of alkyl ring cleavage reactions
have been reported using N-sulfonyl protected aziridines.(68, 69) During these reactions, the
other electrophilic groups on the targeted compound need to be protected. A way to overcome
this problem was reported by Young and coworkers,(70) which achieved this by hydrolyzing the
ester and reacting the aziridine carboxylate with high-order cuprates. Using this method, only
ring opened products were detected.(70) When constructing a catalyst system for synthesis of
aziridines, it is important to consider the possible formation of unprotected N-H products in
either aziridine products or the ring-opened byproducts during the synthesis of these three
membered heterocycles. It is crucial to choose a nitrogen substituent that is most suitable for the
reaction conditions required for the synthesis of aziridines, as well as plan for further reactions
aimed to ring open or expand these products.
1.3

Mechanism to generate/catalysis
There are several synthetic methods for the production of aziridines. These methods

include α-elimination of metal halides from metal N-arenesulfonyl-N-haloamines, α-elimination
of HXN from an amide or amine, decomposition of organyl azides, and oxidation of primary
amines (Scheme 1.2).
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Scheme 1.2

1.3.2

Three synthetic strategies to generate aziridines

1,2-azidoalcohols/1,2-aminohalides
Aziridines can be formed from 1,2-azidoalcohols. These azido alcohols can be readily

made by reacting an epoxide with sodium azide. Due to the wide availability of enantiomerically
pure epoxides, this method has been of great interest in the synthesis of aziridines. For example,
the ring formation of azido alcohols by a phosphine (known as the Staudinger reaction) has been
an area of increased focus, shown in Scheme 1.3. This reaction forms aziridines from chiral
epoxides by ring opening with various azide sources. This is achieved by reacting triaryl or
trialkylphosphine with a hydroxyazide species to form an oxazaphospholidine complex. This
species is then heated in acetonitrile to form the unprotected aziridine. This has been a
8

dependable reaction employed to activate a range of achiral and chiral epoxides, where
asymmetric centers are predictably and neatly inverted through this process.

Scheme 1.3

Staudinger’s aziridination reaction

As mentioned earlier, the oldest reported group of reactions that forms aziridines utilize
1,2-aminoalcohols and 1,2-aminohalides as starting materials.(71) A two stepped method of
aziridine synthesis was reported by Gabriel in 1888, where this process used thionyl chloride to
chlorinate an aminoalcohol, then promote cyclization under alkaline conditions.(21) Another
process for aziridination was proposed by Wenker in 1935 (Scheme 1.4).(72) This was
demonstrated by mixing six hundred grams of 1,2-aminoalcohol in to more than one kilogram of
96 % sulfuric acid, then heating this mixture just under 250 °C. This yielded two hundred eightytwo grams of a cyclized intermediate at the time called β-aminoethyl sulfuric acid. The βaminoethyl sulfuric acid was then distilled from aqueous base to yield twenty-three grams of the
simple aziridine. The intermediate that leads to product formation is unclear. Any alpha
9

substitution to the hydroxy component led to mixtures of elimination of cyclized product. Due to
this, the range of aminoalcohols capable of forming the aziridine is limited. However, from this
initial reaction, a broad scope of conditions for activating the hydroxy group has developed
allowing for a range of enantiomerically pure and achiral aziridines to be synthesized.(73, 74)
Mitsunobu-like oxyphosphonium has been broadly used for the activation of the hydroxy group
to synthesize the aziridine.

Scheme 1.4
1.3.3

Wenker aziridination synthesis showing possible intermediates

Bromoacrylates
Aziridines can also be formed by reacting amines with a wide range of chiral α-

bromoacrylates and related derivatives (known as the Gabriel-Cromwell reaction).(73) Using this
method, even ammonia can be used as a nitrogen source to form chiral unprotected aziridines as
shown in Scheme 1.5.(73)

10

Scheme 1.5
1.3.4

Gabriel-Cromwell reaction utilizing ammonia to form aziridines

Imines
Typical synthesis of aziridines using a nitrene source requires the formation of two

carbon-nitrogen bonds close to the same time. An alternative way would be to form one carboncarbon bond and one carbon-nitrogen bond. This can be achieved by reacting an imine with
either an ylide or a carbene. This method of aziridination synthesis has only recently gained
attention.(16) In 1995, Jacobsen and Finney reported that a metallocarbene adds to Narylaldimines with acceptable stereoselectivity, where typically a copper(I) hexafluorophosphate
can react with ethyldiazoacetate to form this metallocarbene.(75) They report a 44 %
enantiomeric excess and decent diasteroselectivities.(75) Increased enatioselectivity (72 %) was
achieved with a related copper(I) catalyzed reaction of N-tosylimines with
trimethylsilyldiazomethane in the presence of (R)-Tol-BINAP (Scheme 1.6).(76)
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Scheme 1.6

Copper(I) aziridine catalysis using (R)-Tol-BINAP to induce enantioselectivity

In 2000, Wulff and coworkers report a different approach to this reaction.(77) This
approach uses “vaulted” axially chiral boron Lewis acids to catalyze the addition of
ethyldiazoacetate to imines with very high enantioselectivity reported.(77) The downside to this
reaction is the need for a benzhydryl group on the imine nitrogen.(77) This group does not
activate the aziridine. This imine needs to be deprotected and then reprotected with a suitable
group that will activate the aziridine.(77) A method for aziridine synthesis that is comparable to
carbene transfer is the use of sulfur and iodine ylides.(78) Ylides formed from β-iodonium or βsulfonium amide anions can go on to form aziridines by ring closure. Recently, Aggarwal and
coworkers have been expanding the use of sulfonium amide anions for aziridine synthesis by
utilizing chiral sulfides to catalyze the addition of metal carbenoids to imines. Aggarwal’s
method limits safety issues associated with using diazoesters by creating them in situ from more
stable tosylhydrazones as well as using a range of N-substituted imines like tosyl, SES, Dpp,
carbamoyl, and others.(79) This method also supports high enantiomeric selectivity on a large
scope of aziridination reactions. Recently, several groups have studied variations of Darzen’s
reaction as applied to the formation of aziridines.(80) Achiral bromoenolates with S-chiral
12

sulfinylimines, as well as R- and S-camphorsultam derived α-bromoenolates with N-Dpp imines
reactions have both been reported to give high diastereocontrol and enantioselectivity.(80, 81)
The reaction using S-chiral sulfinylimines form activated aziridines, while the reaction using NDpp imines have been reported to be useful for ring opening reactions.(80, 81) The sulfinyl
aziridines need to be oxidized to the sulfonyl state in order to perform ring opening with carbon
nucleophiles.
1.3.5

Nitrene transfer
Aziridines and amines can be synthesized by nitrene transfer reactions, where transition

metal dependent catalytic systems have been used to increase efficiency and selectivity of these
processes. Metal catalyzed nitrene transfer reactions are typically initiated by the formation of a
metal-nitrene intermediate, which can attack olefins to produce aziridine or amination products
(Scheme 1.7). There are two different competing mechanisms for nitrene transfer reactions, a
redox and non-redox related pathway. The redox mechanism is described as the formation of a
metal-imido complex by the nitrogen transfer source transferring the nitrogen atom to the metal
center and thereby changing the metals oxidation state. The nitrene group is then transferred by
the oxidized metal complex to the substrate. In practice, this process reduces the metal complex
back to its original, nitrene-reactive state or this process requires an external electron source
allowing for further reactivity (Figure 1.5). The stability of the oxidized metal complex is critical
in product formation. If the metal complex is too stable, it will lower the efficiency of nitrene
transfer resulting in lower yields and if the oxidized metal complex is too unstable it will
decompose through a non-productive mechanism. The non-redox mechanism is described as the
formation of a metal-nitrene source complex without a clear oxidative transfer of the nitrene
group to the catalyst. This complex then transfers the nitrene group to the substrate. The addition
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of metal based nitrenes, M=N—R, to an unsaturated alkene has been the typical procedure for
the direct aziridination of alkenes. The lack of stereoselectivity and harsh reaction conditions,
usually involving alkoxycarbonylnitrenes, are two of the major limitations that have lowered
interest of this method.

Scheme 1.7

General metal catalyzed nitrene transfer aziridination

Scheme 1.8

General catalytic cycle for nitrene transfer

These nitrene species have been typically formed by a photochemically or thermally
induced decomposition of their corresponding azides. These methods of decomposition can form
the triplet and singlet metal-nitrene species. The singlet metal-nitrene species can be thought of
as containing two lone pairs of electrons in one sp2 orbital and one p orbital. The singlet metal14

nitrenes are not only more reactive but react stereospecifically with 1,2-disubstituted alkenes.
The triplet metal-nitrene species can be described as having the non-bonded electrons in three
orbitals (a lone pair in the p orbital and one electron of parallel spins in each sp 2 orbital). The
triplet metal-nitrenes are more stable and form each nitrogen-carbon bond one at a time while the
singlet species forms both nitrogen-carbon bonds concertedly (Scheme 1.8).

Scheme 1.9

Reactivity of singlet and triplet nitrene species
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The most common ways of synthesizing aziridines are intramolecular cyclization of
amines, reduction of azirines, transfer of a carbon source to imines, and transfer of nitrogen to
olefins.(40, 77, 82-86) Currently, synthesis of aziridines have been hampered by the inadequate
growth of reliable methods. This can be in part attributed to the increased stability of a nitrogennitrogen or nitrogen-oxygen bond compared to an oxygen-oxygen bond in peroxides used for
epoxidations.(16) In 2002, Ishihara and coworkers reported the use of chiral diaziridines to form
aziridines (Scheme 1.10).(87) They report that large amide based diaziridines could produce a
cis-aziridine and aldehyde based diaziridines could produce a trans-conformation.(87) While this
method produces aziridines in high yields and complete diastereoselective control, the substrate
scope is severely restricted by the chiral reagent.(87) Transition-metal catalyzed nitrogen atom
transfer reactions have been shown to be more efficient than those proposed by Ishihara.

Scheme 1.10 Aziridination of olefins using diaziridines

Transition-metal catalysts can provide enantioselectivity by coordination of chiral ligands
and more direct control over the synthesis of aziridines. While Jacobsen’s stepwise ring opening
and closing reaction to form aziridines is very good, the method of nitrogen transfer to olefins
does not necessarily require precursors that have been highly functionalized.(16, 88, 89)
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1.4

Organic chemistry in water
Performing organic synthesis in water has been an area of intense research recently.

Jacobsen and coworkers used a chiral Co(salen) complex to activate water to hydrolyze a
specific enantiomer within a racemic mixture of epoxides (Scheme 1.11).(90) In 1997, they
report acceptable isolated epoxidation of yields with high enantiomeric excess from simple
terminal epoxides through this hydrodynamic resolution,(90) where conjugated epoxides like
butadiene monoepoxide gave lower selectivity. In 2002, Jacobsen and coworkers report a more
thorough investigation of substrates including aliphatic, conjugated, and halogenated terminal
epoxides as well as terminal epoxides containing ether, esters, ketone, and carbamate functional
groups.(91) Both the chiral epoxides and chiral diols were produced in good yields and very high
enantioselectivity (>90 % ee.)(91)

Scheme 1.11 Jacobsen’s cobalt(III) hydrodynamic resolution catalyst.
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Xia and coworkers reported that chiral Mn(salen) derivative capable of synthesizing
aldehydes and chiral secondary alcohols from achiral secondary alcohols (Scheme 1.12).(92)
They reported a low to moderate (25 % - 62 %) conversion and low to high (2 % - 88 %)
enantioselectivity of the secondary alcohols.(92) In order to overcome the insolubility of
substrates in water, tetraethylammonium bromide was used as a phase transfer catalyst.(92) With
this addition, the yields and enantioselectivity improved slightly.

Scheme 1.12 Xia and coworker’s manganese(III) salen derivative catalysis of chiral secondary
alcohols

The porphyrin catalyst, MnTMPyP4, has been well reported in epoxidation of olefins in
both organic solvents and buffers.(93) Alternatively, [Mn(HaltS)]Cl is a chiral water-soluble
porphyrin complex that was designed to generate epoxides from hydrogen peroxide (Figure 1.6).
This system supported high conversions and decent enantiomeric excess in both water/methanol
and buffer/methanol solvents.(93) When using only water as the solvent, 100% conversion was
18

reported. However, these reactions required longer reaction times and were less
enantioselective.(93)

Figure 1.5

1.5

[Mn(HaltS)]Cl epoxidation catalyst

Our approach
The first reported transition metal catalyzed aziridination of organic compounds were

manganese porphyrins. In 1983, Groves and Takahashi report the aziridination of cyclooctene.
This was achieved by using nitrido(5,10,15,20-tetramesitylporphyrinato)manganese(V), excess
cyclooctene in dichloromethane, and trifluoroacetic anhydride.(94) While this was achieved in
organic solvent, the focus of this thesis is the substitution of organic solvents to water or buffer
solutions. Our goal is to find viable water-soluble catalysts that can produce aziridines with high
yields to eventually bind or intercalate into bio-molecules like DNA to produce an artificial bio19

catalyst. The first step in this process is to synthesize a catalyst that matches the aforementioned
criteria. Porphyrin complexes have already been shown to have a significant role as the active
site of many biomolecules as well as the ability to synthesize aziridines and many other organic
compounds.(95) The next step is the testing of various nitrogen transfer agents that provide the
highest yields in our water-based catalytic system. To this end, we explored the use of PhINTs,
TsN3, and Chloramine T. The focus of this thesis is the optimization of aziridination reactions in
water and buffer solution using [Mn(TMPyP4)]I5 to catalyze the reaction.
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RESULTS
2.1

[Mn(TMPyP4)]I5
[Mn(TMPyP4)]I5 was synthesized using a slight modification of the previously reported

synthesis by Gros and Kadish (Scheme 2.1).(96) Initial complexation was performed by adding
0.445 mmol of the initial 5,10,15,20-tetra-4-pyridinyl-21H,23H-porphine (1 equivalent) to a 250
mL round bottom flask with 0.51 mmol manganese(II) chloride (1.15 equivalent) and 50 mL of
dry DMF. The reaction mixture was covered with aluminum foil to shield the reaction from UV
light, then flushed with argon and heated to 90 °C. The reaction was stirred for three hours, then
the mixture was cooled to 40 °C and 9 equivalents of methyl iodide were added to the reaction
dropwise. The reaction was stirred at 40 °C without exposure to light for twenty-four hours. The
reaction mixture was then cooled to room temperature, and the product was precipitated out of the
DMF by adding 100 mL of diethyl ether slowly. The resulting solid was collected by filtration,
washed with diethyl ether, and recrystallized in hot water/acetone. The finished product was then
characterized by UV-Vis and ESI-TOFMS. The mass and UV-vis spectra are shown below
(Figures 2.1, 2.2) and match well with those reported by Gros and Kadish. The UV-Vis spectra
were taken in both acetonitrile and 18 MΩ water, the UV-Vis spectrum in 18 MΩ water shows
absorption transitions consistent with both manganese(III) and manganese(V) species being
present in solution; this data is consistent with reported spectral data of [Mn(TMPyP4)]I5.(97)
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To study the interactions between [Mn(TMPyP 4)]I5 and chloramine T, UV-Vis spectra
were taken of the mixture in 18 MΩ water at ratios of chloramine T:[Mn(TMPyP 4)]I5 of 1:2, 1:1,
2:1, and 3:1 at time intervals of 0, 0.16, 0.33, 0.5, 0.66, 0.83, 1, 2, 3, 4, 5, and 24 hours. These
spectra were then compared to the UV-Vis spectra of [Mn(TMPyP4)]I5. The UV-Vis spectra for
chloramine T has no significant absorption between 250-800 nm at these concentrations (Figure
A.5). This suggests that any change in the UV-Vis spectra can be attributed to interactions between
the Chloramine T and the [Mn(TMPyP4)]I5 complex. For clarity, some spectra have been removed
from Figures 2.3-2.6, where all time-dependent UV-Vis data from all trials are available in the
appendix. These spectra were gathered and formatted in a way to demonstrate the coordination of
Chloramine T with [Mn(TMPyP4)]I5 at different ratios (Figure 2.3-2.6) and show how the different
ratios coordinate at a given time interval (Figure 2.7, 2.8). Each ratio follows the same trend. A
decrease in intensity of the 420 nm transition band that is typically associated with manganese(III)
species and the increase of intensity of the 462 nm transition band which is consistent with a
manganese(V) species.(97) It has been previously shown that the active catalytic species is a
manganese(V) species.(97, 98)
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Scheme 2.1

Synthesis of [Mn(TMPyP4)]I5 from 5,10,15,20-tetra-4-pyridinyl-21H,23Hporphine.
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Figure 2.1

Experimental and theoretical ESI-TOFMS of 2.45 μM [Mn(TMPyP4)]I5 in 18 MΩ
water. [C44H36MnN8]4+: Calculated: m/z 182.8105. Found: m/z 182.81107
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Figure 2.2

UV-Vis spectra of 2.45 μM [Mn(TMPyP4)]I5 in acetonitrile (blue) showing only
manganese(III) at 420 nm and 18 MΩ water (red) showing both distinctive
manganese(III) species at 420nm and manganese(V) species at 460nm.

25

Figure 2.3

UV-Vis spectra of 1.125 μM Chloramine T with 2.45 μM [Mn(TMPyP4)]I5 in 18
MΩ water (1:2 ratio Chloramine T: [Mn(TMPyP4)]I5) over 24 hours. The
wavelength range from 500-800 nm has been expanded for viewing of the d-d
transitions.
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Figure 2.4

UV-Vis spectra of 2.45 μM Chloramine T with 2.45 μM [Mn(TMPyP4)]I5 in 18
MΩ water (1:1 ratio Chloramine T: [Mn(TMPyP4)]I5) over 24 hours. The
wavelength range from 500-800 nm has been expanded for viewing of the d-d
transitions.
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Figure 2.5

UV-Vis spectra of 4.9 μM Chloramine T with 2.45 μM [Mn(TMPyP4)]I5 in 18 MΩ
water (2:1 ratio Chloramine T: [Mn(TMPyP4)]I5) over 24 hours. The wavelength
range from 500-800 nm has been expanded for viewing of the d-d transitions.
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Figure 2.6

UV-Vis spectra of 7.35 μM Chloramine T with 2.45 μM [Mn(TMPyP4)]I5 in 18
MΩ water (3:1 ratio Chloramine T: [Mn(TMPyP4)]I5) over 24 hours. The
wavelength range from 500-800 nm has been expanded for viewing of the d-d
transitions.
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Figure 2.7

UV-Vis spectra of Chloramine T:[Mn(TMPyP4)]I5 at 1:2, 1:1, 2:1, and 3:1 ratios of
Chloramine T to [Mn(TMPyP4)]I5 in 18 MΩ water after 3 hours. The wavelength
range from 500-800 nm has been expanded for viewing of the d-d transitions.
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Figure 2.8

UV-Vis spectra of Chloramine T:[Mn(TMPyP4)]I5 at 1:2, 1:1, 2:1, and 3:1 ratios of
Chloramine T to [Mn(TMPyP4)]I5 in 18 MΩ water after 24 hours. The wavelength
range from 500-800 nm has been expanded for viewing of the d-d transitions.
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2.2

[Mn(TMPyP4)]I5 catalyzed Aziridine formation in CH3CN
The initial catalytic aziridination trials were performed in acetonitrile to get a baseline for

comparison of [Mn(TMPyP4)]I5 catalytic activity in water and buffered solutions. The nitrogen
transfer agents investigated included chloramine T trihydrate, N-tosyliminobenzyliodinane
(PhINTs), and tosyl azide. A typical reaction contains 3 mmol of styrene, 0.3 mmol of nitrogen
transfer agent (chloramine T trihydrate, N-tosyliminobenzyliodinane, or tosyl azide), and 0.015
nmol [Mn(TMPyP4)]I5 (5 mol% vs. nitrogen transfer agent) were added to 2 mL dry acetonitrile.
The reactions were sealed, heated to 70 °C, and stirred for 24 hours. Toluene was added to the
reaction as an internal standard and a 3 μL aliquot of the reaction mixture was injected onto the
GC-MS for analysis. The yields of both the aziridination and amination products were very low
for each nitrogen transfer agent as shown in Table 2.1. This was primarily attributed to the
insolubility of [Mn(TMPyP4)]I5 in acetonitrile.
The aziridination product was isolated from the reaction solution by column
chromatography using 90:10:1 (hexanes:ethyl acetate:triethylamine) and fractions containing only
product were combined and solvent removed by rotary evaporation. The products were then
recrystallized in diethyl ether/hexanes. The aziridination product of this reaction (N-tosyl-2phenylaziridine) was characterized by GC-MS and 1H-NMR. Some of the crystals were removed
from solution and dissolved in deuterated chloroform and analyzed by NMR spectroscopy (Figures
2.9, 2.10)
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Reaction yields in acetonitrile using different nitrogen transfer agents

Nitrogen transfer

Solvent

styrene

Chloramine T

CH3CN

styrene

PhINTs
TsN3

CH3CN

8

CH3CN

trace

styrene
a
b

a

Substrate

Aziridination %Yield Amination %Yield
11
2
b

b

based-on toluene internal standard GC analysis
equivalent to control reactions

Figure 2.9

Mass spectrum of N-tosyl-2-phenylaziridine obtained by GC-MS.
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trace

b

trace

a

Figure 2.10

1

H-NMR of N-tosyl-2-phenylaziridine in deuterated chloroform. Adventitious
solvent (diethyl ether) present in the sample is highlighted in the red box
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2.3

Water chemistry
There is a recent trend in organic synthesis to conduct transformations in water, which has

advantages over traditional solvents systems due to the general rise in costs of oil-based chemicals
and the increased expense of dealing with hazardous waste treatment. Traditional methods in
catalysis have been reliant on organic solvent because many reagents are insoluble in more
environmentally sound solvents. In recent years, legislation has been passed around the world
restricting the heavy use of these solvents in industrial processes. Excessive solvent use and
resulting rampant mishandling and ineffective disposal of the hazardous waste materials has been
a major source of organic pollution and subsequent environmental harm. A more environmentally
suitable solution is to use a solvent, such as water, which has physical properties like high polarity
and low viscosity that help in the extraction and purification of compounds of interest, but it also
is readily available and one of the most abundant molecules on the surface of the planet. However,
most traditional organic compounds are either insoluble or have low solubility in water which has
limited water’s widespread use in modern organic processes. In 1980, Breslow reported that DielsAlder reactions in water showed increased rate and selectivity.(99) Since then, water-based
catalysis has become more common. The implementation of water as a solvent for catalysis offers
a smaller environmental footprint, which leads to generally lower cost processes. Because of the
reasons, research into various water-soluble catalysts and effective reagents are of paramount
importance.
The use of catalysts in modern organic synthesis has been an important step forward over
antiquated stoichiometric techniques used in classical methods.(100) However, catalysts
themselves can prove to be not only harmful to the environment, but can be extremely toxic to
humans. In the last several years, research into water-based catalyst systems have significantly
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increased and several transition metal catalysts have shown high catalytic activity in water. These
catalysts contain multidentate ligands that are effective in tuning the Lewis acidity and redox
potential of the metal ion, while protecting the metal center from hydrolysis. Salen type ligands
and water-soluble porphyrin ligands are prime examples of ligands used for aqueous
transformations.(100) The most common first row transition metals used for these types of
reactions include copper, iron, and manganese. These metals are not only cheap in comparison to
other metals, but they are relatively abundant and can possess a range of accessible oxidation
states. Specifically, manganese has stable oxidation states from +2 to +7, which in turn gives it a
wealth of redox activities.(100)
Historically, the synthesis of aziridines utilizing metal nitrene species have most commonly
been achieved by using PhINTs as the source of nitrogen. This is due in part because PhINTs is a
highly activated molecule; however, it has several drawbacks including a short shelf life, high cost,
and the formation of phenyl iodide as a byproduct. These issues have led to the exploration of
alternative nitrogen transfer sources. For example, various organic azides have been used to great
effect.(95, 101, 102) Organic azides, while an improvement over PhINTs, still has drawbacks such
as stability and a relatively high cost. Recently, Chloramine T and Bromamine T have been
demonstrated to be a viable low-cost alternative.(102, 103) Both Chloramine T and Bromamine T
are inexpensive, highly water soluble, catalyze nitrogen atom transfer with high efficiency, and
are environmentally benign. However, in this study we vetted a series of nitrogen atom transfer
agents (including PhINTs, tosyl azide, and Chloramine T) to determine which supports aziridine
synthesis best.
A set of aqueous, aziridination reactions were studied with [Mn(TMPyP4)]I5 as the catalyst
were conducted under the same reaction conditions described above in acetonitrile. The products
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were extracted 4 times with 2 mL of diethyl ether. The ether extractions were combined and
reduced in volume by rotary evaporation. The extraction was diluted to 1 mL with diethyl ether
and 10 μL of toluene (internal standard), then these samples were analyzed using the GC-MS. All
reactions were performed at least in triplicate and highest yields are reported. In general, the
azidination and amination had higher yields than the same reactions in acetonitrile (Table 2.2).

Reaction yields in water (18 MΩ) using different nitrogen transfer agents

Nitrogen transfer

Solventb

Styrene

Chloramine T

water

Styrene

PhINTs
TsN3

water

4

12

water

5

9

Styrene
a

a

Substrate

Aziridination %Yield Amination %Yield
6
25

based on a toluene internal standard GC analysis

2.4

Buffered solution
Building on the increased yields in water, a series of aziridination reactions were performed

in buffered aqueous solutions at varying pH values. Three different buffer solutions were generated
by using 75 mM NaC2H3O2 solution adjusted to pH 4.0 with HCl solution, a 75 mM KH 2PO4
solution adjusted to pH 7.0 with sodium hydroxide solution, and a 75 mM KHCO 3 solution
adjusted to pH 10.0 with sodium hydroxide solution. A standard reaction of containing 3 mmol of
styrene, 0.3 mmol of Chloramine T trihydrate, and 0.015 nmol [Mn(TMPyP4)]I5 (5 mol% vs.
chloramine T) were added to 2 mL of each buffer at (pH 4, 7, and 10). The extraction and analysis
protocols performed were the same as previously described for the water reactions. The pH 4 buffer
solution supported the highest aziridination yields (Table 2.3), and these conditions were then used
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a

for further optimization of nitrogen atom transfer agents. Once again, a similar trend was observed
for these trials as was noted for the water reactions (Table 2.4), where Chloramine T promoted
higher yields than other nitrogen transfer agents.
Typically, nitrene transfer reactions require olefins in high excess, however, studies using
Chloramine T and Bromamine T have shown higher yields using higher concentrations nitrogen
transfer agent rather than olefin.(103) To determine the optimal nitrogen transfer to olefin ratios
with our catalytic system, a series of reactions were performed using 1:10, 1:3, 1:1, 2:1, 3:1, and
5:1 ratios of nitrogen transfer agent to olefin. These reactions were performed in pH 4 buffer using
the same extraction and analysis protocols as all previous water or buffer reactions (Table 2.5). All
reactions were run in triplicate and yields reported are the best observed. The yields increased
dramatically as the ratio of chloramine T to olefin decreased from 1:10 to 1:3. The ratio 2:1 gave
the highest yields for our catalytic system. In a related system, Zdilla et al. reported that with their
Mn-corrole system catalyzed the aziridination of styrene, which the rate of the reaction is zeroorder with respect to styrene. This implies that the rate depends on the binding of nitrogen transfer
to the catalyst.(98) Mechanistic insight into our [MnTMPyP4]5+ catalyzed system can be further
elucidated by a detailed single-turn over kinetic study of these nitrogen transfer reactions.
To further optimize the production of aziridines, catalyst loading studies were perfromed
with 0.5, 1, 5, 10, 15 mol% vs limiting reagent. Two different sets of reactions were set up. The
first set containing 0.3 mmol Chloramine T trihydrate and 3 mmol styrene (1:10 chloramine
T:styrene ratio), and the second containing 0.6 mmol Chloramine T trihydrate and 0.3 mmol
styrene (2:1 chloramine T:styrene ratio) both in pH 4 buffer. All other reaction conditions remained
constant. The extraction and analysis protocols performed were consistent with the previously
described water and buffer reactions. All reactions were run in triplicate. As expected, the 2:1 ratio
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Chloramine T to olefin provided higher yields than the 1:10 ratio Chloramine T to olefin; however,
as the catalyst loadings increased, the 1:10 ratio produced higher yields than the 2:1 ratio trial.
There was little change between 1 mol% and 5 mol% loadings (Table 2.6).
To this point, all the reactions that have been run so far have been for a 24 hours period.
To determine the optimal reaction time, eight reactions were performed containing 0.3 mmol of
styrene, 0.6 mmol of Chloramine T trihydrate, and 0.015 nmol [Mn(TMPyP4)]I5 (5 mol% vs.
styrene) were added to 2 mL of pH 4 buffer. Reactions were quenched and yields determined at 1,
3, 5, 7, 12, 16, 20, and 24 hours using the same extraction and analysis protocols as described
above. Once again, all reactions were run in triplicate. The resulting aziridination and amination
yields were averaged and plotted versus time (Figure 2.11). To better show the time course of the
yields, the aziridination and amination data points were plotted on a separate graph (Figures 2.12
and 2.13). Using these reaction conditions, the aziridination yield increases steadily until the 12hour point where it becomes unchanging at 16 hours. The amination yield, however, does not
follow the same trend as the aziridine yield and continually increases over time. This could
highlight that aziridination products breakdown over time to become amination products, or over
the course of the reaction the reaction conditions change to favor amination production. Once
again, further investigation of the reaction kinetics and mechanisms are needed to clarify these
observations.
A series of temperature trials were performed to investigate the effect of temperature on
the catalytic generation of aziridines. From the results of the time trials, the reaction time chosen
was 5 hours in order to see a clear increase or decrease in aziridination formation due to the change
in temperature. Four reactions were set up at different temperatures containing 0.3 mmol of
styrene, 0.6 mmol of Chloramine T trihydrate and 0.015 nmol [Mn(TMPyP4)]I5 (5 mol% vs.
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styrene) were added to 2 mL of pH 4 buffer. and the temperature was adjusted to 5 °C, 12 °C, 22
°C, and 45 °C. After five hours the reactions were worked up using the same extraction and
analysis protocols as described above. The reactions performed at lower temperatures (5 °C and
12 °C) produced lower amount of aziridine product, but at higher temperature (45 °C) the
aziridination yield stayed consistent with those collected at ambient temperature (22 °C), but had
a noticeable increase in amination products (Table 2.7). Whether this result was due to thermal
degradation of the aziridine or that the amination product is unclear at this point. Due to the results
of the 45 °C reactions, higher temperatures were not investigated due to the increased potential for
ring opening and/or other aziridination degradation pathways.
The goal of this research is to find conditions that [Mn(TMPyP4)]I5 can catalyze
aziridination reactions in the presence of chiral biological auxiliaries, like peptides, proteins, or
nucleic acids in order to induce enantioselectivity. DNA itself is not overly stable in water and
requires a buffered solution to maintain its most stable structure. Typically, buffers are neutral, but
some DNA isoforms can be stabilized in more acidic or basic buffers. Although we had already
tried initial reactions in buffer solutions of pH 4, 7, and 10, these reactions were only using styrene.
Due to the pH limitations of DNA, the effects of buffer pH on a range of substrates and their
corresponding aziridine yields needed to be researched. To that end, substrates included in this
study were aromatic and aliphatic olefins that would be reacted in buffered solutions at pH 4, 7,
and 10 (Table 2.8). Styrene and p-substituted styrenes (-Cl, -Me, -OMe) were included to
determine the role inductive or resonance effects have on product formation. At pH of 4, there
appears to be some correlation to inductive and resonance effects as demonstrated by p-Cl-styrene
(σ = 0.24) with the lowest yield of 10 % while p-MeO-styrene (σ = -0.12) and p-Me-styrene (σ =
-0.14) have yields of 46 % and 34 %, respectively. However, that trend does not continue at pH 7
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and 10, which may indicate an alternative correlation is observed. For example, these substituents
may play a role in the aqueous stability of these aziridine products to hydrolysis, rather than the
activation of the olefin unit. Further investigation is required to accurately determine the inductive
effects, if any, on product formation. The aliphatic substrates studied generally had higher yields
and fewer side products than the corresponding aromatic substrates suggesting these products were
less prone to ring opening. Trans-2-hexen-1-ol was the only substrate with neither a terminal olefin
nor in the cis configuration. The yields for those reactions were like those collected for olefins in
the cis configuration, suggesting a potentially wider scope of substrates could be transformed with
good yields are possible. From the collected data, the effect of pH on the aziridine synthesis seems
to be product dependent. Higher aziridine formation seemed to favor acidic to neutral pHs, which
indicates the stability of the aziridine might be dependent on pH. Higher yields for more substrates
were observed at pH 4 followed by pH 7 then pH 10.

Initial reaction yields in buffered solutions using Chloramine T

a

Solvent

Aziridination
a
%Yield

Amination
a
%Yield

pH 4

24

7

pH 7

20

5

pH 10

17

9

based on a toluene internal standard GC analysis
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Reaction yields in pH 4 buffer using different nitrogen transfer agents

a

Substrate

Nitrogen transfer

Solvent

Aziridination
a
%Yield

Amination
a
%Yield

Styrene

chloramine T

pH 4 buffer

24

7

Styrene

PhINTs

pH 4 buffer

3

16

Styrene

TsN3

pH 4 buffer

8

14

based on a toluene internal standard GC analysis

Reaction Yields in pH 4 buffer using varying Chloramine T: styrene ratios

a

Chloramine T:Styrene

Aziridination Yield

1:10

24

1:3

49

1:1

48

2:1

56

3:1

52

5:1

53

based on a toluene internal standard GC analysis
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Reaction yields in pH 4 buffer comparing different Chloramine T: styrene ratios
on catalyst loadings
Catalyst [Mn(TMPyP4)]I5

%Yielda,b

%Yielda, c

0.5 %

12

34

1%

23

55

5%

24

56

10 %

20

4

15 %

16

5

a

based on toluene internal standard GC analysis
1:10 (Chloramine T:styrene)
c
2:1 (Chloramine T:styrene)
b

Figure 2.11

Aziridination and amination yields at different times. Error bars are the standard
deviation of at least 3 trials, where yields were determined by GC-MS analysis
using toluene as an internal standard.
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Figure 2.12

Aziridination yields at different times as a function of time. Error bars are the
standard deviation of at least 3 trials, where yields were determined by GC-MS
analysis using toluene as an internal standard.
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Figure 2.13

Amination yields at different time. Error bars are the standard deviation of at least
3 trials, where yields were determined by GC-MS analysis using toluene as an
internal standard.
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Aziridination and amination yields of 5-hour nitrene transfer reactions to styrene at
different temperatures
Temperature

Aziridination
a
%Yield

Amination
a
%Yield

5 °C

10

7

12 °C

14

9

22 °C

23

4

45 °C

24

12

a

based on a toluene internal standard GC analysis

Aziridination substrate scope at pH 4, 7, and 10

a

a

a

Substrate

pH 4 Yield

Styrene

56

32

31

p-Me-styrene

34

33

39

p-Cl-styrene

10

43

38

p-MeO-styrene

46

22

18

1-hexene

70

32

21

trans-2-hexen-1-ol

45

59

35

cyclooctene

50

10

16

cyclohexene

84

93

70

cyclopentene

75

71

79

pH 7 Yield

based on a toluene internal standard GC analysis

46

pH 10 Yield

a

DISCUSSION/CONCLUSIONS
3.1

Organic transformations in water remains a challenge
A growing area of organic method development is the optimization of organic reactions in

water. However major issues include, the solubility of organic reagents and reaction products, the
range of available temperatures for reactions in water, and the fact that water itself can be reactive.
For example, in an aziridination reaction in water, the water itself can be nucleophilic enough to
induce ring opening of these three membered heterocycles. Other side products observed in a
typical reaction are shown in Figure 3.1. All of these compounds are observed in the GC-MS trace
associated with the standard reaction of 0.6 mmol Chloramine T trihydrate, 0.3 mmol styrene, and
0.015 nmol [Mn(TMPyP4)]I5 (5 mol% vs styrene) in 2 mL of water (18MΩ) and 2 mL buffered
solution within a 4 mL vial. While most of these side products are in yields much lower than 5 %,
these alternative products use uncouple the primary reaction which impacts yields and the more
complex product profile makes product isolation significantly more complicated. However, with
further optimization some of these issues can be minimized. During the substrate scope studies, it
was found that the aliphatic olefins typically produced less side products than the aromatic olefins.
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Figure 3.1

3.2

Side products of styrene reactions in water and buffered solutions identified by
GC-MS

Time dependent studies
The study of time on product formation of the aziridination of styrene in pH 4 buffer

catalyzed by [Mn(TMPyP4)]I5 demonstrated that after 16 hours the reaction had reached
maximum aziridination production. However, this time could be reduced to 12 hours with only a
minor drop in aziridination yield. Further efforts are needed to determine what limits further
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reaction and leads to the limited aziridine formation and how this impacts the competing
amination and other side product formation.
3.3

Temperature
The initial temperature trials performed gave some insight to the most efficient

temperature for aziridine formation. The only significant difference between 22 °C and 45 °C
was that at 45°C there appears to be higher production of the amination product. The collected
data shows the optimum temperature for aziridination reactions is 22 °C. However, this was only
an initial study and more data points needed to provide a more accurate temperature profile that
best demonstrates the highest aziridination to amination ratio.
3.4

Future Work / Possibilities for enantioselectivity
The goal of this research is to provide a starting point for the use of [Mn(TMPyP4)]I5

based DNA hybrid catalyst systems to generate chiral aziridines in water or buffer. To that end,
we have described the use of [Mn(TMPyP4)]I5 for aziridination reactions in water and various
reaction conditions including pH and temperatures. The use of water, Chloramine T, and DNA
represents a cheap alternative method for chiral aziridination synthesis. However, further
research into the kinetics and temperature dependencies are still required before we can move
forward with these novel catalytic systems.
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METHODS
4.1

Chemicals
All substrates were purchases commercially and used as received without additional

purification.
4.2

Chromatography
Reactions were monitored by GC-MS analyses on a Shimadzu QP-2010S GC-MS with a

Rxi-5 ms 30 m column with an internal diameter of 0.25 mm. The GC was equipped with an
electron impact MS detector, where reaction yields were calculated in reference to an internal
standard (toluene) added to each extraction.
4.3

Additional organic spectroscopy
[Mn(TMPyP4)]I5 mass spectra were obtained using a Bruker microTOF-Q II High

Resolution MS system operating in ESI ionization mode. UV-Vis spectra were obtained using a
Shimadzu UV-2550 spectrophotometer. NMR spectra were obtained using a Bruker AVANCE
III 500 MHz spectrometer at room temperature (20°C).
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4.4

Synthesis of [Mn(TMPyP4)]I5
[Mn(TMPyP4)]I5 was prepared by combining 5,10,15,20-tetra-4-pyridinyl-21H,23H-

porphine (0.485 mmol) and MnCl2 (0.51 mmol) in a 250 mL round bottom flask. These solids
were dissolved in 50 mL of DMF and then flushed with argon gas. The round bottom flask was
covered in aluminum foil, stirred, and refluxed under argon for 3 hours. The reaction was
allowed to cool to 40˚C and methyl iodide (4.8 mmol) was added dropwise over 2 minutes. The
reaction was stirred for an additional 24 hour 40˚C. The reaction was then cooled to room
temperature, where the [Mn(TMPyP4)]I5 was precipitated from solution by slowly pouring 100
mL of diethyl ether into the round bottom flask. The solid was isolated by vacuum filtration and
rinsed with approximately 20 mL of diethyl ether. [Mn(TMPyP4)]I5 was further purified by
dissolving it in a 1:2 ratio of hot water:acetone, where upon cooling a dark brown solid
precipitated. The solid was filtered and dried under vacuum for 2 days. The weight of the
isolated product was 190mg (0.149 mmol, 30%). [Mn(TMPyP4)]I5 was characterized by high
resolution mass spectrometry and UV-Vis spectroscopy. Mass spectra were obtained using a
Bruker microTOF-Q II High Resolution MS system using ESI ionization. UV-Vis spectrum was
obtained using a Shimadzu UV-2550 spectrophotometer.
4.5

UV-Vis spectra of [Mn(TMPyP4)]I5 and Chloramine T
A 2.45 μM solution of [Mn(TMPyP4)]I5 in water (18 MΩ) was prepared and UV-vis

spectra were collected in a 4.0 mL cuvette using a Shimadzu UV-2550. Additionally, spectra
were collected in the presence of 0.5, 1.0, 2.0, and 3.0 equivalents of Chloramine T. UV-vis
spectra were collected for each of these samples at 0, 0.16, 0.33, 0.5, 0.66, 0.83, 1, 2, 3, 4, 5, and
24 hours. UV spectra were also collected with pH 4,7,10 buffers at the same intervals without
significant variation.
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4.6

Catalytic generation of N-tosyl-2-phenylaziridine performed in acetonitrile
A typical reaction was performed in a 4 mL vial, where 0.3 mmol nitrogen transfer agent

(Chloramine T trihydrate, N-tosyliminobenzyliodinane, or tosyl azide), 3 mmol styrene, and
0.015 nmol [Mn(TMPyP4)]I5 (5 mol% vs. nitrogen transfer agent) were added to 2 mL of dry
acetonitrile . The vials were capped and allowed to stir for 24 hours at a fixed temperature of
70°C. The reaction mixture was filtered through a syringe filter in order to filter off the catalyst
and stored at -20oC until further analysis. All reactions were run in at least triplicate.
4.7

Catalytic generation of N-tosyl-2-phenylaziridine performed in water
A typical reaction was performed in a 4 mL vial, where 0.3 mmol nitrogen transfer agent

(Chloramine T trihydrate, N-tosyliminobenzyliodinane, or tosyl azide), 3 mmol styrene, and
0.015 nmol [Mn(TMPyP4)]I5 (5 mol% vs. nitrogen transfer agent) were added to 2 mL of water
(18 MΩ.) The vial was capped and stirred for 24 hours at room temperature (~22 oC). The
reaction mixture was extracted 4 times with 2 mL of diethyl ether. The ether extractions were
combined, reduced in volume by rotary evaporation, and stored at -20oC until further analysis.
All reactions were run in at least triplicate.
4.8

Catalytic generation of N-tosyl-2-phenylaziridine performed in buffered solution
The synthesis of N-tosyl-2-phenylaziridine was performed in buffer solution at pH 4, 7,

and 10. Three different buffer solutions were generated by using 75 mM NaC2H3O2 solution
adjusted to pH 4.0 with HCl solution, a 75 mM KH2PO4 solution adjusted to pH 7.0 with sodium
hydroxide solution, and a 75 mM KHCO3 solution adjusted to pH 10.0 with sodium hydroxide
solution. Initial reactions were performed with 0.3 mmol Chloramine T trihydrate, 3 mmol
styrene, and 0.015 nmol [Mn(TMPyP4)]I5 (5 mol% vs nitrogen transfer agent) in 2 mL of
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buffered solution within a 4 mL vial. These reactions were run in pH 4, 7, and 10 buffers and
each pH were run in triplicate. Further reactions were performed with 0.3 mmol nitrogen transfer
agent (Chloramine- T trihydrate, N-tosyliminobenzyliodinane, or Tosyl azide), 3 mmol styrene,
and 0.015 nmol [Mn(TMPyP4)]I5 (5 mol% vs nitrogen transfer agent) in 2 mL of the pH 4
buffered solution within a 4 mL vial. The vials were capped and stirred for 24 hours at room
temperature (~22oC). The reaction mixture was extracted 4 times with 2 mL of diethyl ether. The
ether extractions were combined, reduced in volume by rotary evaporation, and stored at -20oC
until further analysis. All reactions were run in at least triplicate.
Further reaction optimization was conducted to determine the optimum olefin to nitrogen
transfer agent ratio in a 75 mM NaC2H3O2 buffer solution at pH 4. Reactions were set up using
1:10, 1:3, 1:1, 2:1, 3:1, and 5:1 ratio for nitrogen transfer agent to olefin, while all other
conditions and extractions protocols remained constant. The simple olefin, styrene, was used as
the olefin within these trials, where Chloramine T trihydrate, was used as the nitrogen transfer
agent. All reactions were run in at least triplicate.
A catalyst loading study was conducted to determine the optimum catalyst loading in 75
mM NaC2H3O2 buffer solution at pH 4. These reactions were conducted with a nitrogen transfer
agent to olefin ratio of 1:10 and 2:1. The catalyst loadings investigated were 0.5, 1, 5, 10, and 15
mol % vs the limiting reagent while all other conditions and extraction protocols remained
constant. The simple olefin, styrene, was used as the olefin within these trials, where
Chloramine T trihydrate, was used as the nitrogen transfer agent. All reactions were run in at
least triplicate.
Additionally, time and temperature trials were performed in 75 mM NaC2H3O2 buffer at
pH 4. Solutions of 0.6 mmol Chloramine T trihydrate, 0.3 mmol styrene, and 0.015 nmol
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[Mn(TMPyP4)]I5 (5 mol% vs styrene) in a 4 mL vial with 2 mL of buffer. The vials were capped
and stirred for 1, 3, 5, 7, 12, 16, 20, and 24 hours at room temperature (~22oC). Alternatively,
trials were also explored at 5°C, 12°C, and, 45°C. The reactions were extracted 4 times with 2
mL of diethyl ether. The ether extractions were combined, reduced in volume by rotary
evaporation, and stored at -20oC until further analysis. All reactions were run at least in triplicate.
A substrate scope containing both aromatic and aliphatic olefins were performed in three
different buffer solutions. The buffers were generated by using 75 mM NaC2H3O2 solution
adjusted to pH 4.0 with HCl solution, a 75 mM KH2PO4 solution adjusted to pH 7.0 with sodium
hydroxide solution, and a 75 mM KHCO3 solution adjusted to pH 10.0 with sodium hydroxide
solution. Solutions of 0.6 mmol Chloramine T trihydrate, 0.3 mmol olefin, and 0.015 nmol
[Mn(TMPyP4)]I5 (5 mol% vs styrene) in a 4 mL vial with 2 mL of buffers. The vials were
capped and stirred for 24 hours at room temperature (~22 oC). The reaction mixture was extracted
4 times with 2 mL of diethyl ether. The ether extractions were combined, reduced in volume by
rotary evaporation, and stored at -20oC until further analysis. All reactions were run in at least
triplicate.
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ADDITIONAL SPECTRA
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Figure A.1

Full UV-Vis spectra of 1:2 chloramine T:[Mn(TMPyP 4)]I5 after 24 hours.
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Figure A.2

Full UV-Vis spectra of 1:1 chloramine T:[Mn(TMPyP 4)]I5 after 24 hours.
70

Figure A.3

Full UV-Vis spectra of 2:1 chloramine T:[Mn(TMPyP 4)]I5 after 24 hours.
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Figure A.4

Full UV-Vis spectra of 3:1 chloramine T:[Mn(TMPyP 4)]I5 after 24 hours.
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Figure A.5

UV-Vis spectra of Chloramine T at 1.125 μM, 2.45 μM, 4.9 μM, 7.35 μM.
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1

H NMR data

N-(p-Tolysulfonyl)-2-phenylaziridine
Synthesized from styrene
1

H NMR [500 MHz, CDCl3] δ 7.89 (d, J = 8.2 Hz, 2H), 7.22 – 7.30 (m, 7H), 3.80 (dd, J = 7.1

and 4.5 Hz, 1H), 2.99 (d, J = 7.2 Hz, 1H), 2.44 (s, 3H), 2.40 (d, J = 4.4 Hz, 1H).

N-(p-Tolylsulfonyl)-2-(p-methylphenyl)aziridine
Synthesized from p-methylstyrene
1

H NMR [500 MHz, CDCl3]: δ 7.84 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.4. Hz, 2H), 7.08 (s, 4H),

3.73 (dd, J = 7.2, 4.5 Hz, 1H), 2.95 (d, J = 7.2 Hz, 1H), 2.41 (s, 3H), 2.36 (d, J = 4.5 Hz, 1H),
2.29 (s, 3H).

N-(p-Tolylsulfonyl)-2-(p-chlorophenyl)aziridine
Synthesized from p-chlorostyrene
1

H NMR [500 MHz, CDCl3]: δ 7.85 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 7.27 (d, J = 8.7

Hz, 2H), 7.16 (d, J = 8.4 Hz, 2H), 3.73 (dd, J = 4.2, 7.2 Hz, 1H), 2.97 (d, J = 6.9 Hz, 1H), 2.44
(s, 3H), 2.34 (d, J = 4.2 Hz, 1H).
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N-(p-Tolysulfonyl)-2-(p-methoxyphenyl)aziridine
Synthesized from p-methoxystyrene
1

H NMR: [500 MHz, CDCl3] δ = 7.86 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 7.13 (d, J =

8.8 Hz, 2H), 6.82 (d, J = 8.8, 2H), 3.77 (s, 3H), 3.74 (dd, J = 7.2, 4.4 Hz, 1H), 2.96 (d, J = 7.2
Hz, 1H), 2.43 (s, 3H), 2.38, (d, J = 4.4 Hz, 1H).

2-butyl-1-[(4-methylphenyl)sulfonyl]aziridine
Synthesized from 1-hexene
1

HNMR [500 MHz CDCl3]: δ: 7.81 (d, J = 8.4 Hz, 2H,), 7.32 (d, J = 8.1 Hz, 2H), 2.75- 2.65 (m,

1H), 2.61 (d, J = 6.9 Hz, 1H,) 2.43 (s, 3H), 2.04 (d, J = 4.6 Hz, 1H,) 1.58-1.45 (m, 1H), 1.381.14 (m, 5H), 0.79 (t, J = 6.9 Hz, 3H).

2-[(4-methylphenyl)sulfonyl]aziridine-hexen-1-ol
Synthesized from trans-2-hexen-1-ol
1

H NMR [500 MHz, CDCl3] δ: 0.87 (3H, t, J = 6.5 Hz), 1.25-1.47 (4H, 1.40 (tt, J = 7.4, 6.6 Hz),

1.30 (tq, J = 6.6, 6.5 Hz), 1.30 (tq, J = 6.6, 6.5 Hz), 1.40 (tt, J = 7.4, 6.6 Hz)), 1.54-1.65 (2H,
1.60 (td, J = 7.4, 5.4 Hz), 1.60 (td, J = 7.4, 5.4 Hz)), 2.32 (3H, s), 3.42 (1H, dt, J = 8.1, 5.4 Hz),
5.45 (1H, d, J = 8.1 Hz), 7.32 (2H, ddd, J = 7.9, 1.8, 0.4 Hz), 7.71 (2H, ddd, J = 7.9, 1.5, 0.4 Hz).
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9-[(4-Methylphenyl)sulfonyl]-9-azabicyclo[6.1.0]nonane
Synthesized from cyclooctene
1

HNMR [500 MHz CDCl3]: δ 7.81 (d, J = 8.0Hz, 2H), 7.32(d, J = 8.0Hz, 2H), 2.74 – 2.80(a, b-

quartet, J1 = 7.2 Hz, J2 = 10.0 Hz, 2H), 2.43(s, 3H), 1.99 – 2.03(m, 2H), 1.53 – 1.64(m, 4H),
1.38 – 1.48 (m, 4H), 1.24 – 1.36 (m, 2H).

7-[(4-methylphenyl)sulfonyl]-7-azabicyclo[4.1.0]heptane
Synthesized from cyclohexene
1

HNMR [500 MHz, CDCl3] δ: 7.78 (d, J = 8.1 Hz, 2H,), 7.29 (d, J = 7.9 Hz, 2H), 2.98-2.88 (m,

2H), 2.41 (s, 3H), 1.82-1.65 (m,4H), 1.40-1.10 (m, 4H).

6-[(4-methylphenyl)sulfonyl]-6-azabicyclo[3.1.0]hexane
Synthesized from cyclopentene
1

H NMR [500 MHz, CDCl3] δ: 1.60-1.86 (2H, 1.75 (dtt, J = 12.9, 8.3, 6.3 Hz), 1.68 (dtt, J =

12.9, 6.4, 1.5 Hz)), 2.07-2.21 (4H, 2.14 (dddd, J = 9.2, 8.3, 6.4, 3.0 Hz), 2.14 (dddd, J = 9.2, 7.9,
6.3, 1.5 Hz)), 2.32 (3H, s), 3.45 (2H, ddd, J = 8.1, 7.9, 3.0 Hz), 7.33 (2H, ddd, J = 7.9, 1.8, 0.4
Hz), 7.70 (2H, ddd, J = 7.9, 1.5, 0.4 Hz).
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